Photoactivatable fluorescent probes are powerful tools for studying biological systems owing to the high spatial and temporal control afforded by light. Photoactivatable probes can be genetically encoded proteins [1] or small molecules. [2] Each of these technologies comes with its own benefits and limitations and may be thought of as complimentary to one another depending on the application. Thep rotein "Kaede" represents the first discovery of ap hotoactivatable fluorescent protein, and much progress has been made in recent years with similar genetically encoded approaches. [3] Smallmolecule photoactivatable probes have also found widespread use,a nd they generally rely on as mall number of photoactivation mechanisms,s uch as photoisomerization, [4] photouncaging, [5] photodecomposition of azides, [6] or photoclick reactions. [7] These strategies primarily depend on the conversion from an initial non-fluorescent state into af luorescent state.
Herein, we present anew intracellular imaging probe that utilizes aphotoactivation mechanism based on aphotochemically allowed 6p electrocyclization/oxidation reaction. This mechanism expands the toolbox for intracellular photoactivatable probes,providing an emissive pre-and post-activated form that can be tracked by fluorescence microscopy.T o demonstrate this strategy,weintroduce awater-soluble,noncytotoxic, and readily cell-permeable photoactivatable fluorescent probe for mitochondrial-specific live-cell imaging. We compare the cytotoxicityo ft his probe to ac ommonly used Scheme 1. Synthesis of (E)-3/(Z)-3 and crystal structures of (E)-2 and (Z)-3.
Abstract: Photoactivatable fluorophores are useful tools in live-cell imaging owing to their potential for precise spatial and temporal control. In this report, an ew photoactivatable organelle-specific live-cell imaging probe based on a6 pelectrocyclization/oxidation mechanism is described. It is shown that this new probe is water-soluble,n on-cytotoxic, cellpermeable,a nd useful for mitochondrial imaging.T he probe displays large Stokes shifts in both pre-activated and activated forms,a llowing simultaneous use with common dyes and fluorescent proteins.S equential single-cell activation experiments in dense cellular environments demonstrate high spatial precision and utility in single-or multi-cell labeling experiments. 
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Chemie and commercially available mitochondrial dye. [8] We also demonstrate its utility in spatiotemporally defined live-cell imaging of mitochondria in dense cellular populations through sequential single-cell activation experiments.
First, we developed ar apid and efficient synthesis of the desired photoactivatable probe starting with commercially available 2-cyanopyridine (Supporting Information, Scheme S1). Following as imilar route to that reported in our previous studies, [9] we elaborated 2-cyanopyridine to thioketone 1.Homocoupling of 1 using copper powder in toluene at reflux yielded 1,1'-diazaxanthilidene 2 as an interconverting mixture of the E and Z isomers in 84 %yield (Scheme 1). Methylation of 2 with dimethyl sulfate afforded the desired monomethylated product (E)-3/(Z)-3 in 96 %yield. Theoverall yield of the probe from the commercially available starting materials after six steps was 24 %(Scheme S1, Scheme 1). Single crystals of (E)-2 and (Z)-3 were obtained by slow evaporation from chloroform/methanol (1:1) and water solutions,r espectively.B oth structures adopted an anti-folded conformation, despite the increased steric hindrance from methylation in (Z)-3 (Scheme 1). Va riable-temperature 1 HNMR spectroscopy [10] of (E)-2/(Z)-2 in deuterated N,N-dimethylformamide confirmed the dynamic interconversion of the E and Z isomers at room temperature,w hich is consistent with our previous studies ( Figure S2 ). [9] At low temperature,s eparate sets of sharp and well-resolved signals were observed for the E and Z isomers of 3.I ncremental heating resulted in significant signal broadening followed by sharpening and resolved coupling at high temperature.This result indicates rapid exchange on the NMR timescale.C oalescence was observed at 45 8 8C, and the activation energy was determined to be DG°= 15.7 kcal mol À1 ( Figure S1 ). Upon irradiation at 365 nm using aR ayonet photoreactor,the (E)-3/(Z)-3 mixture was found to undergo photocyclization followed by oxidation to yield photoproduct 4 ( Figure 1A ). To promote the photocyclization step of (E)-3/(Z)-3,both the antifolded conformation and dynamic interconversion are crucial. According to the Woodward-Hoffmann rules,e lectrocyclization of the 1,3,5-hexatriene moiety of (Z)-3 (4n + 2electron system) is thermally allowed in ad isrotatory manner and photochemically allowed in ac onrotatory manner. [11] The antifolded conformation of (Z)-3 is preorganized for conrotatory cyclization, satisfying the requirement for the photochemical reaction. This conclusion was further confirmed by TD-DFT calculations [12] on (Z)-3.A si se vident from the calculated molecular orbitals,aconrotatory cyclization leads to constructive interactions and is photochemically favored ( Figure 1B ). Thes tructure of (E)-3 is disfavored for electrocyclization but E-Z isomerization leads to the formation of (Z)-3,f acilitating the photoreaction. As ar esult, the dihydrophenanthrene intermediate was attained, which was followed by oxidation to give photoproduct 4.T he dihydrophenanthrene intermediate was not isolable from the reaction mixture. . .
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Compound (E)-3/(Z)-3 is fluorescent with al arge Stokes shift (135 nm). Photoproduct 4 is red-shifted in both absorbance and emission by approximately 100 nm while al arge Stokes shift of 108 nm is retained ( Figure 1C ). Live-cell imaging studies of (E)-3/(Z)-3 were performed with HeLa cells,a nd specific sub-cellular localization was observed, consistent with mitochondrial uptake.A ne ngineered HeLa cell line that expresses GFP-labeled proteins specifically localized to the outer mitochondrial membrane (mito-GFP cell line,F igure S3), as introduced in one of our previous studies,
[5b] was used as acontrol to confirm the mitochondrial localization of (E)-3/(Z)-3 in this report. Thel ocalization statistics were also compared to those of ac ommonly used and commercially available MitoTracker dye ( Figure S4 ). [8] Our control cell line consisted of ap opulation of HeLa cells expressing aG FP fusion protein localized specifically to the outer mitochondrial membrane (mito-GFP cell line) in addition to ap opulation of non-GFP-expressing HeLa cells, which served as an internal control for compound localization in the absence of the GFP signal. Thet wo channels 405/635 and 488/525 were used to detect (E)-3/(Z)-3 and GFP, respectively,w ith no bleed-through observed. All images were recorded at the same brightness and contrast settings. Incubating mito-GFP cells with (E)-3/(Z)-3 allowed for colocalization to be assessed ( Figure 2A and Figure S3 ). Colocalization statistics calculated over multiple frames for at otal of 80 cells showed significant overlap (Pearsons coefficient:0.81 AE 0.02;Manders coefficients:0.98 AE 0.01 and 1.00 AE 0.00;S pearman correlation:0 .88 AE 0.02). High Manders coefficients point to near exclusive mitochondrial localization of (E)-3/(Z)-3 in GFP-positive cells.V ariations in intensity between localized (E)-3/(Z)-3 and GFP resulted in as lightly lower Pearsons coefficient. This small deviation may be attributed to the difference between internal mitochondrial localization of (E)-3/(Z)-3 versus external mitochondrial membrane localization of GFP.I ntensity profiles across multiple cells are shown in Figure 2B .A dditional colocalization studies were carried out using commercially available Mitotracker Red, [8] and similar results were observed when comparing the colocalization with GFPlabeled mitochondria ( Figure S4 ). High signal-to-noise ratios were observed in the intensity line plots for both GFP and (E)-3/(Z)-3 ( Figure 2B ). Thestability of a1mmaqueous solution of (E)-3/(Z)-3 was assessed under ambient light conditions at 25 8 8Cf or ten days.H PLC analysis of the resulting solution revealed no evidence for decomposition or photoconversion compared to as tandard sample of photoproduct 4 ( Figure 2C ). Cytotoxicity studies on HeLa cells over 24, 48, and 72 hours confirmed that (E)-3/(Z)-3 had very low cytotoxicity. Forc omparison, MitoTracker Red FM, one of the most commonly used mitochondrial imaging probes, showed significant cytotoxicity over the same time course at af ive-fold lower concentration ( Figure 2D) .
By combining the observed photoreaction ( Figure 1A ) with the ability to selectively label mitochondria for live-cell imaging (Figure 2A ), intracellular photoactivation of (E)-3/ (Z)-3 was attempted. As the absorbance and emission spectra of 4 are red-shifted by approximately 100 nm compared to those of (E)-3/(Z)-3,the individual species can be selectively excited. Alternating use of the two channels (i.e., 444/525 for (E)-3/(Z)-3 and 488/632 for 4)r esulted in the photoconversion of (E)-3/(Z)-3 into 4 in live cells.Asignificant increase in the fluorescence intensity of 4 was achieved after 30 seconds, using 200 total scans ( Figure 3A,B) . To further investigate the spatial selectivity,atargeted 405 nm laser (CrystaLaser, DL405-050-O) was used to target smaller areas of the cells. Confocal images were captured using a4 88 nm excitation laser and a632 nm emission filter.Immediately after the first activation, abright signal was detected at the targeted region. Thet ubular morphology of the mitochondria was observed, and the remaining portions of the mitochondria remained dim for an additional ten seconds using the 488 nm excitation laser ( Figure 3C) .
Finally,w ew anted to show that individual cells can be photoactivated in extremely crowded confluent cellular environments.Anormalized intensity plot for the sequential photoactivation of two adjacent cells is shown in Figure 3C .A standard 405 nm laser commonly used for photobleaching Angewandte experiments was used for sequential photoactivation with excellent spatial control over individual cells in crowded environments ( Figure 3D ). Using 50 pulses with al ength of 20 s, the mitochondrial probe 3 was photoconverted into 4. Tw oi ndividual cells out of 20 cells were sequentially photoactivated (cell 7and cell 19, Figure 3D ).
In conclusion, we have developed ap hotoactivatable probe that is based on a6 p electrocyclization/oxidation mechanism. Thep robe is water-soluble,c ell-permeable, non-cytotoxic,a nd can selectively stain mitochondria. This photoactivation strategy should be broadly applicable to many dye classes,and further studies are underway to develop new cellular imaging tools.
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